Abstract -The present study discusses spatial variations in the community structure of stingless bees as well as associated ecological factors by comparing the nest densities in two stages of forest regeneration in a Brazilian Tropical Atlantic rainforest. The stingless bee nests were sampled in sixty-four 25×25 m plots (4 ha) in four replicates of two forest categories: (a) mature, or old growth, stage of forest regeneration and (b) early-stage forest regeneration. Tree cavities were the major nesting substrate, and 91 nests were found within the total sampling area of 32 ha (2.8 nests/ha), constructed by 12 stingless bee species. The four most abundant species showed no significant differences in terms their use of tree circumference at breast height (CBH) categories between 60 and 150 cm. The spatial distributions of the CBH categories were mainly random or uniform, and the principal difference between the forest stages was the density of their largest trees (CBH >110 cm). This structural difference in the vegetation contrasted with the small spatial variation (p>0.05) of the stingless bee community structure (species composition, richness, and nest abundance). This unexpected spatial homogeneity could be related to similar and abundant availabilities of the largest nesting sites and to the existence of similar mechanisms controlling cavity use in both forest categories. The low nestper-tree frequency (1 nest per 100 trees with CBH >60 cm), for instance, suggests that the availability of tree nesting sites is not limiting stingless bees. Alternatively, the stochasticity that permeates the temporal dynamics of highly diverse tree communities may also neutralize any latent competition between stingless bees.
INTRODUCTION
Bees of the tribe Meliponini live in large, perennial, sessile, eusocial colonies, and they are frequently the most numerous group of flowervisiting insects in tropical forests (Roubik 1989; Michener 2000) . Given their high demands for floral resources and the high turnover of colony biomass (Roubik 1993; Kleinert et al. 2012) , these bees are expected to be found in limited membership communities (sensu Roughgarden 1989) . This premise is supported by their diverse behavioral strategies of food use and their monopolization of rich sources Hubbell 1974, 1975; 1987) , high interspecific trophic niche overlap (Kleinert et al. 2012) , and the apparent limiting similarity in species composition (e.g., Biesmeijer and Slaa 2006) .
In general, stingless bees use a variety of nesting substrates. However, they are dependent on preexisting cavities in trees and rocks, and holes in the ground, including nests abandoned by other social insects-except for a very small number of species that make exposed nests (Nogueira-Neto 1970 , 1997 Vergara et al. 1986; Roubik 1989; Michener 2000) . Hubbell and Johnson (1977) suggested that the structures of stingless bee communities in tropical forests could be limited by nesting site competition. Although this argument appears in subsequent studies by various authors (e.g., Roubik 2006) , no field studies have yet provided reliable data for the systematic analysis of the role of nest substrate availability on their populations. Eltz et al. (2002) argued that the availability of potential nesting substrates would not be as important as the unpredictable mass-flowering pattern in limiting nest density in undisturbed SE Asian dipterocarp forests. Most stingless bees are flower generalists (Biesmeijer and Slaa 2006) , although Ramalho (2004) noted a tight association between stingless bees and mass-flowering trees in the canopies of Brazilian Atlantic rainforest. Different behavioral strategies influence which food sources are chosen and how they are exploited by different species within a community (e.g., Hubbell 1974, 1984; Johnson et al. 1987 ) and flower resource utilization patterns are profoundly affected by species types (e.g., Ramalho 1990; Ramalho et al. 2007; Kleinert et al. 2012) . In summary, both floral resources and nesting sites could limit nest density, species composition, and diversity among stingless bee communities.
There is empirical evidence that spatial heterogeneity at the local landscape level influences nest density and species composition in stingless bee communities (e.g., Eltz et al. 2002 Eltz et al. , 2003 Slaa 2006) . The existence of different habitat types in a given landscape tends to promote spatial diversity (Adams 2009 ) because they favor species using different strategies. Slaa (2006) concluded that life histories (and principally colony survival) among stingless bees were affected by both species and habitat types in tropical lowlands of Central America.
Stingless bees reproduce in sessile social colonies, so nest surveys should provide reasonably accurate measures of effective population sizes (e.g., Brown and Albrecht 2001; Kleinert 2006 ) and the relative abundances of species within the focal communities. Few studies of stingless bee community structures in tropical forests have been based on colony surveys, and most of these investigations did not analyze habitat-related ecological variables. Studies of this type have been undertaken in tropical dry and rain forests in Central America (Hubbell and Johnson 1977; Roubik 1983) , lowland forests and savannas in French Guiana (Roubik 1979) , the Amazon rainforest (Oliveira et al. 1995) , the Brazilian Atlantic rainforest (Batista et al. 2003) , and the tropical lowland dipterocarp forests of Malaysia (Eltz et al. 2002) .
The present study compares the community structures of stingless bee colonies in mature and early-stage forest regeneration sites in the Brazilian Atlantic rainforest of eastern Brazil. Our objective was to test for spatial variations in the patterns of species composition, richness, and abundance as a function of their species-specific attributes and the structural characteristics of the forest categories (mainly the distributions of tree nesting sites).
MATERIALS AND METHODS
The present study was conducted in the Michelin Ecological Reserve-MER (13°50′S, 39°15′W) in the Brazilian Atlantic rainforest in northeastern Brazil. The MER encompasses 3,096 ha of tropical rainforest at altitudes from 160 to 327 masl. The native forest forms a mosaic with rubber (Hevea brasiliensis Muell. Arg., Euphorbiaceae) plantations. Regional temperatures range from 18 to 30°C, with high relative humidity (80-85 %) and an average annual precipitation of approximately 2,015 mm that is evenly distributed throughout the year (type Af, according to Köppen 1948) (CEI-CONDER 1993) .
The MER forest areas experienced severe anthropogenic impacts prior to 2004, generating a mosaic of forest fragments at different stages of regeneration. At the present time, the preserved nuclear areas of the largest fragments have attained a mature old growth stage of regeneration, with canopy heights of more than 20 m and many trees with circumferences >190 cm at breast height, as well as numerous old growth trees >300 cm in circumference. There are also extensive patches of forest at early stages of regeneration (with lower canopies and no old growth trees and with greater shrub and herbaceous plant cover), mainly at the edges of the largest intact fragments (Flesher 2006) . Four replicates of the two forest categories were sampled in each of the four largest MER forest fragments (Pacange, Luis Inacio, Vila 5, and Pancada Grande): mature (or old growth) and early-stage regeneration (Figure 1 ). Nest surveys were made during 5 days of fieldwork per month, between July 2007 and January 2010. Visual searches were conducted (with and without binoculars), with special attention being paid to large trees with circumferences at breast height (CBH) >190 cm-in which stingless bee nests tend to be concentrated in forest habitats (Eltz et al. 2002; Batista et al. 2003) . Other potential nesting sites, such as rock outcrops and termite nests, were likewise inspected in each plot. The sampling effort during each replicate was proportional to the time necessary to search all of the trees and potential nesting sites in each plot (see below).
Points were established along preexisting trails within each habitat type in the MER fragments for implanting 25×25 m plots. A total of 64 plots were established and sampled in each of the four replicates (total area of 4 ha), for an overall total of 16 ha for each of the two forest categories. The 64 plots were located at least 50 m from each another in order to avoid overlapping sampling areas.
The nests were identified and geo-referenced (GPS Garmin Map 60CS), and the following characteristics were recorded: substrate type, tree CBH, and height of the nest entrance. Samples of approximately ten worker bees were collected from each observed nest for species identifications. The bee specimens were mounted, labeled, and morphotyped in the Pollination Ecology Laboratory (ECOPOL) of the Biology Institute of the Federal University of Bahia (UFBA) in Salvador, Bahia State, Brazil. The specimens were identified by Dr. The structures of the arboreal vegetation in each forest regeneration type were quantified using the Tsquare method (Sutherland 1996) , in which 20 points were selected randomly within each plot, and the distances to the nearest tree were measured, followed by the distance to the nearest neighbor on the orthogonal plane from the first tree. These two measures were used to estimate the density and spatial distributions of living trees in four CBH categories: 1=21-50 cm, 2=51-80 cm, 3=81-110 cm, and 4>110 cm.
The densities and spatial distributions of the trees (the structure of the arboreal vegetation) were evaluated using the nearest neighbor dispersal index, R (Clark and Evans 1954) , using the Ecological Methodology software program, second edition (Kenney and Krebs 2000) . The spatial distribution index represents the ratio between the mean observed distance between nearest neighbors and the mean distance expected if the distribution was random (clumped distribution, R<0; random distribution, R=1; uniform distribution, R>1).
Nonparametric multivariate analysis of variance NP-MANOVA (Anderson 2005; McCune and Grace 2002) was used to evaluate changes in the abundances, richnesses, and species compositions of stingless bees in the two different stages of forest regeneration (considered here as "landscape elements"). This procedure was selected due to the non-normal distribution of the data and their heterogeneous variances. The normality of the data was evaluated using the Kolmogorov-Smirnov test, run on GraphPad Instat 3.05 software (GraphPad Software 1998). Homoscedasticity was assessed using Levene's test for homogeneity of variance, run on SPSS software (SPSS® 13.0 for Windows®, SPSS Inc., Chicago, IL, USA). The protocol analysis included a sample size equal to four (replicates) with a single factor: the landscape elements, with its two categories being the stages of forest regeneration (early stage (ES) and mature stage (MS)). No data standardization was performed, and the Bray-Curtis distance measure was used (Bray and Curtis 1957) , with α=0.05 (Anderson 2005) .
The reliability of the samples was assessed through a cumulative species curve, produced using the R platform, version 2.13 (R Development Core Team 2011). The Chao1 species richness estimator (Chao 2005 ) was used to estimate the minimum number of undetected species based on the frequencies of the rare species in the sample: Sest = Sobs+(f1)2/2(f2), where Sest = theoretical number of species and Sobs = the number of species recorded, with (f1)2/2(f2) representing the ratio of the numbers of species in the sample with one or two specimens.
RESULTS
A total of 91 stingless bee nests were found in the 32 ha of forest sampled at the MER, giving an average of 2.8 nests per hectare. Approximately 300 trees with CBH>50 cm were recorded per hectare (Table I) , which is equivalent to one bee nest per hundred trees. The density of the largest trees (CBH>110 cm) was two to three times higher in the mature forest as compared to the early successional forest (Table I) ; smaller trees (CBH>20 cm<80 cm) were distributed more uniformly. Considering the whole range of CBH classes, the spatial distributions of trees were predominantly uniform (72 %), rather than random (28 %), in both types of habitat. Therefore, the main component of spatial heterogeneity in the vegetation structure is due to old growth trees, which might be expected to cause spatial variations in parameters such as the abundances of the species that form large colonies.
A total of 12 species of stingless bees were identified, distributed among eight genera, although only four species had relative abundances higher than 10 % (Tetragonisca angustula, Scaptotrigona xanthotricha, Scaptotrigona bipunctata, and Melipona scutellaris) (Figure 2a) . The other species were represented by just one to three nests. The Chao 1 species richness estimator indicated a theoretical absence of 6.25 rare species in the samples, and five additional stingless bee species were recorded within the study area using mixed complementary methods (Silva et al., unpublished data). Therefore, the nest survey may have missed species with inconspicuous nests, and we cannot make any statements on species that remained undetected due to their general rarity. In contrast, the cumulative species curves tended towards saturation (Figure 3) , indicating that the sample size was satisfactory for comparative analyses of the two forest categories. Eight species were recorded in each of the two forest categories (MS and ES of forest regeneration), but only four species were common to both categories. The species Partamona sp1 and sp2, Scaura atlantica, and Trigona braueri were recorded exclusively in the mature forest, while Paratrigona subnuda, Plebeia droryana, Trigona spinipes, and Trigona fuscipennis were particularly observed in the early successional habitat (see other bees in Figure 2a ). All of these exclusive species were rarely sampled, so that any apparent differences between the two forest categories should be considered with caution. Overall, the stingless bee community showed a weak response to spatial variations in vegetation structure (e.g., the density of trees with CBH> 110 cm) between the two forest categories (Table II) . No significant differences were noted in species richness and composition between the two stages of forest regeneration. The four most abundant bee species were equally common in both forest categories, although these bees are quite distinct from one another (Figure 2b ): M. scutellaris, for example, is a relatively large species (10-12 mm) with high colony biomasses and low swarming rates, while Scaptotrigona species are small bees (6-7 mm) that live in very populous colonies and demonstrate group foraging strategies; T. angustula is the smallest species (5-6 mm), with populous colonies and very high swarming rates.
With the exception of M. scutellaris, the three other abundant species showed considerable overlap in their nesting heights (Figure 4a) . The four most abundant species nested in trees with very similar diameters (CBH>60 cm< 150 cm) and may thus be using tree hollows of similar sizes (Figure 4b ). It is noteworthy that both Scaptotrigona species overlap considerably in terms of tree size and nesting heights.
DISCUSSION/CONCLUSION
The observed densities of stingless bee nests in continuous tropical rainforests tend to be relatively low, i.e., 0.15 to 6.0 nests/ha (Hubbell and Johnson 1977; Roubik 1983 Roubik , 2006 Oliveira et al. 1995; Eltz et al. 2002; Slaa 2006) , considering the high availability of tree hollows in these habitats (e.g., Eltz et al. 2003) . The low nest densities and nest-per-tree frequencies (approximately 1 bee nest per 100 trees with CBH>50 cm) seen in the MER suggest that the availability of tree nesting sites in the forest is not limiting stingless bees. Indirect evidence that tree nesting sites are underused by local communities of stingless bees is the unexpected abundance of the invading matrix species T. angustula in both forest categories. With high swarming rates, this species mainly occupy open areas or the edges of secondary forests (Batista et al. 2003; Slaa 2006, Silva et al. unpublished) . Its swarming rate is significantly higher during the early stages of forest regeneration than in old growth forest sites of the Brazilian Atlantic rainforest (Batista et al. 2003, Silva et al. unpublished) , and projected longevity of its colonies in the tropical lowlands of Costa Rica was significantly higher in open areas than in forests (Slaa 2006) . Therefore, the abundance of T. angustula in the old growth forest is probably maintained by a "mass effect" (sensu Cody 1989) due to high input rates of propagules (swarms) from surrounding anthropogenic habitats, where this species can also reach very high nest densities (Silva et al. unpublished) . This high propagule pressure is likely disrupting the internal controlling mechanisms in the forest community of stingless bees (see below).
Colony densities may be influenced by the high energy consumption of stingless bee communities as a whole (Roubik 1993) , and by the economic constraints of their central place foraging (e.g., Kleinert et al. 2012) , the efficiency of which should depend on patchy floral resources in tropical rainforest canopies (Ramalho 2004) . Eltz et al. (2002) , for example, concluded that irregular (supra-annual) mass flowering in the dipterocarp forests of southeastern Asia may be one of the main factors determining the reduced nest densities and low diversities of Meliponini found there-in comparison to adjacent disturbed vegetation areas with more regular annual flowering patterns.
None of the abundant species of stingless bees in the MER showed any clear preference for nesting in any particular sized tree or tree species (Silva et al. unpublished) . Based on the raw data of nesting sites in the forests of Guyana and Panama (Roubik 1979 (Roubik , 1983 , it could also be concluded that large and small bodied species of stingless bees did not exhibit marked preferences for specific tree diameters and heights, although Roubik (1983) noted that the size of the opening into a tree cavity could influence site suitability for some species and that only Melipona species and Trigona capitata zexmeniae [= Cephalotrigona zexmeniae (Cockerell 1912)] regularly used cavities with large openings in a forest community harboring 27 stingless bee species. In the MER, the lack of significant influence of large sized trees (CBH>110 cm) on the spatial structuring of stingless bee communities was unexpected. It was expected, for example, that the large colonies of M. scutellaris, with high fidelity to the forest, were more common in the old growth forest, where large tree trunks were also more abundant at higher heights.
Particularly, the high similarity in the distribution of nests of Scaptotrigona species (including the heights and sizes of used cavities in trees) puts in check the argument of limiting similarity (Biesmeijer and Slaa 2006 ) based on the fact that "assemblages tend to consist largely of bees of different genera." This situation is relevant because Scaptotrigona species have fairly similar diets and they present foraging specialization using only a few productive sources-a pattern independently demonstrated through pollen analysis (e.g., Ramalho 1990; Kleinert et al. 2012 ) and records of floral visits (e.g., Biesmeijer and Slaa 2006) .
In summary, contrary to expectations, the community structures of stingless bees did not appear to respond to the dynamics of the forests in the MER-indicating that spatial changes in the vegetation structure and, in particular, the density of large trees in old growth forests were not influencing the availability or the use of nesting sites-so that the same few and abundant species appear to be shaping the dynamics of nesting site use in the community independent of stages of forest regeneration.
In the forest habitat, if stingless bees invest more resources in colony survival rather than in reproduction (Slaa 2006) , an expected result would be spatial and temporal stability. In other words, high colony longevity (Slaa 2006 ) associated with low swarming rates (Silva et al. unpublished) should buffer nest density fluctuations along the forest regeneration. Once a threshold of minimum tree cavity size availability is reached as forest regeneration proceeds (e.g., CBH>50 cm), the community of stingless bees would tend to enter a lower turnover state, in which behavioral mechanisms (e.g., Hubbell and Johnson 1977; Johnson and Hubbell 1984) would become more prominent in regulating nest density.
Alternatively, the stochasticity that permeates the dynamics of the occupation of clearings in tropical rainforests, with neutralizing effects on latent competition in highly diverse tree communities (Hubbell et al. 2001) , should also act on social bees that critically depend on the mass canopy flowering (Ramalho 2004 ) and tree trunks as nesting sites.
